C hronic hepatitis B (CHB) infection is the most common chronic viral infection worldwide, with approximately 250 million people carrying hepatitis B virus (HBV).
1,2 Hepatitis B virus accounts for approximately 45% of cases of hepatocellular carcinoma (HCC) and 30% of cases of cirrhosis 3 and causes nearly 1 million deaths each year. 4 Persistent replication of HBV is an independent risk factor for progression of CHB to cirrhosis and HCC, 5 and reducing HBV DNA concentrations through long-term nucleoside or nucleotide analogue therapy is associated with reduced risk of HCC and/or mortality in patients with CHB. 6, 7 However, HBV is rarely eradicated, and most patients with CHB require longterm nucleoside or nucleotide analogue therapy. 8 Entecavir and tenofovir disoproxil fumarate are potent nucleoside or nucleotide analogues, respectively, with high genetic barriers to resistance. They are equally recommended as first-line treatment for CHB by practice guidelines [9] [10] [11] because they show similar efficacy in intermediate surrogate end points, such as virologic, biochemical, serologic, and histologic responses. Nevertheless, to our knowledge, there have been no randomized trials comparing the efficacy of entecavir and tenofovir in reducing HCC risk. A few cohort studies found no significant difference in HCC risk between entecavir and tenofovir 12, 13 ; however, those studies were not designed to directly compare the clinical outcomes of the 2 drugs and were underpowered owing to small numbers of patients and events.
In the present nationwide population cohort study, we compared the effectiveness of entecavir and tenofovir on the risk of HCC in patients with CHB and validated the results in a hospital cohort.
Methods

Study Population
This study was a nationwide, population-level, historical cohort study of adult patients with CHB who started treatment with either entecavir or tenofovir. The data were obtained from the claims database of the National Health Insurance Service (NHIS) of the Republic of Korea, an HBV-endemic country. Korea has a single-payer, universal health coverage system, and the NHIS provides health insurance to more than 99% of the population. Accordingly, NHIS has a comprehensive health database for diagnoses, treatments, procedures, and prescriptions. The database also provides information on sociodemographic status, comorbidities, severity of liver disease, and concomitant medications, lifestyle, and health-related behaviors (eg, smoking status). As a validation, a hospital cohort of patients with CHB treated with entecavir or tenofovir in a tertiary referral center were analyzed. The institutional review boards of the Korean National Evidence-Based Healthcare Collaborating Agency and Asan Medical Center approved this study and granted a waiver of informed consent from study participants owing to the historical cohort nature of the study.
Between January 1, 2010, and December 31, 2016, we collected from the NHIS database historical cohort of 41 962 treatment-naive adults with CHB who started treatment with entecavir, 0.5 mg/d, or tenofovir disoproxil fumarate, 300 mg/d, between January 1, 2012, and December 31, 2014, as the source population with predefined inclusion and exclusion criteria (eFigure 1A in the Supplement). We limited the study period because the NHIS first reimbursed entecavir in January 2007 and tenofovir in December 2012. All patients had International Statistical Classification of Diseases and Related Health Problems, Tenth Revision (ICD-10) code B181 for CHB. Cirrhosis was defined as ICD-10 code K74 and regarded as a decompensated state when the patient received any medication or had undergone any procedure to manage complications (ie, ascites or varices; eTable 1 in the Supplement). Patients meeting 1 or more of the following criteria were excluded: being younger than 30 years or 80 years or older at baseline; received a diagnosis of hepatitis C, hepatitis D, acute viral hepatitis, or HIV infection; received an organ transplant; received other anti-HBV treatments; received a diagnosis of HCC or other malignant neoplasm; or experienced clinical events (HCC, death, or transplant) within 6 months after treatment.
The reimbursement criteria for entecavir and tenofovir were identical and did not change during the study period: serum HBV DNA levels of 20 000 IU/mL or greater for hepatitisBeantigen(HBeAg)-positive patients, of 2000 IU/mL or greater for HBeAg-negative patients, and alanine aminotransferase (ALT) levels of 80 U/mL or greater in the absence of cirrhosis (to convert ALT levels to microkatals per liter, multiply by 0.0167). In the presence of cirrhosis, criteria were HBV DNA levels of 2000 IU/mL or greater and ALT levels of 40 U/mL or greater.
Outcomes and Follow-up Evaluation
The primary outcome was development of HCC. Secondary outcomes were all-cause mortality and liver transplant. The index date was the date a patient first received a prescription for entecavir or tenofovir. The follow-up period for each patient was calculated from the index date to the date of HCC diagnosis, death, transplant, or the last follow-up (December 31, 2016) . Patients whose treatment regimen was changed were censored at 6 months after the change was made.
Key Points
Question Are entecavir and tenofovir disoproxil fumarate, the first-line antiviral agents for chronic hepatitis B infection, associated with similar risks of hepatocellular carcinoma during long-term treatment?
Findings In a Korean nationwide population cohort of 24 156 treatment-naive adult patients with chronic hepatitis B infection, tenofovir treatment was associated with a significantly lower risk of hepatocellular carcinoma and mortality compared with entecavir treatment. The data were validated in a hospital cohort of 2701 treatment-naive adult patients with chronic hepatitis B infection.
Meaning Given the poor prognosis of patients who developed hepatocellular carcinoma, this study's findings may have considerable clinical implications in the prevention of this cancer in patients with chronic hepatitis B infection.
Information on baseline characteristics, concomitant medications, and clinical outcomes were obtained from the NHIS database. Diagnostic and procedural codes based on the NHIS database are provided in eTable 1 in the Supplement. This database has a high HCC registration rate (ICD-10 code C22, 96.5%) and highly accurate diagnoses and has previously been validated as a reliable resource for research.
14 Liver transplant was defined by ICD-10 codes Z944 and T864 and ICD-10 reimbursement benefit extension coverage code V013. To verify the complete set of follow-up data, information on the vital status and primary diagnosis of HCC in all patients was validated by accessing the death certificate database from the National Population Registry of the Korea National Statistical Office using unique personal identification numbers. The death registration was nearly complete, and 98.3% of deaths were confirmed by physician's diagnoses.
15
Validation Hospital Cohort 9 /L is 1:1]), or both. All patients were advised to continue treatment after HBeAg seroconversion until HBsAg seroclearance. The patients were followed up every 3 to 6 months from the index date to the time of death, transplant, or last follow-up (October 31, 2017) . Verification methods were identical to those used in the nationwide cohort.
Statistical Analysis
All patients who met the eligibility criteria at baseline were included in the analyses, and their data were analyzed based on intention to treat.
Categorical variables were compared using a χ 2 test and continuous variables were compared using an unpaired 2-tailed t test. Cumulative incidence curves for HCC and death or transplant were estimated using the Kaplan-Meier method and compared using a log-rank test. Univariate and multivariable Cox proportional hazards models were used to compare clinical outcomes between groups. Propensity score-matching analysis was used to reduce the effect of selection bias and potential confounding between the 2 groups. Propensity scores were computed by using the following variables: age, sex, socioeconomic status, level of health care, smoking, cirrhosis, diabetes, and hypertension for the nationwide cohort. In the validation hospital cohort, propensity scores were computed from age; sex; HBeAg positivity; serum levels of HBV DNA, ALT, albumin, total bilirubin, international normalized ratio, platelet count, and creatinine concentration; diabetes; hypertension; cirrhosis; ascites; ChildPugh score; Chinese University HCC score; Guide With Age, Gender, HBV DNA, Core Promoter Mutations, and Cirrhosis-HCC score; platelet age gender B score; and Risk Estimation for Hepatocellular Carcinoma in Chronic Hepatitis B score. In the validation hospital cohort, multiple imputation was used to estimate the missing values, which comprised 0.02% to 3.7% of the baseline laboratory data. For propensity score matching, a nearest-neighbor 1:1 matching scheme with a caliper size of 0.1 was used. Inverse probability treatment weighting (IPTW) was also used (eMethods in the Supplement). Competing risk analysis was conducted for the interpretation of the cumulative incidence of HCC after adjusting for the probability of death and liver transplant.
All statistical analyses were performed using SAS software, version 9.1 (SAS Institute Inc) and R statistical software, version 3.3.1, (R Foundation Inc; http://cran.r-project. org/). All reported P values are 2-sided, and P values less than .05 were considered statistically significant.
Results
Baseline Characteristics of the Nationwide Cohort
Among the population cohort of 24 156, the mean (SD) age was 48.9 (9.8) years, and 15 120 patients (62.6%) were male. Owing to the homogenous nature of the study population, data on race/ethnicity were not collected. Data from a total of 24 156 treatment-naive adult patients with CHB were analyzed (entecavir group, 11 464 and tenofovir group, 12 692). The mean (SD) ages of entecavir and tenofovir groups were 49.3 (9.8) and 48.6 (9.8) years, respectively (eTable 2 in the Supplement). Among the patients, 2991 (26.1%) of the entecavir group and 3488 (27.5%) of the tenofovir group had cirrhosis. Propensity score-matching analysis generated 10 923 pairs, and the characteristics of pairs were balanced, with the standardized difference less than 10% for all baseline variables (eTable 2 in the Supplement).
Clinical Outcomes in the Nationwide Cohort
During follow-up, HCC developed in 984 patients (annual incidence, 0.84 per 100 person-years [PY] ; 590 in the entecavir group vs 394 in the tenofovir group), and 509 patients died or received a transplant (annual incidence, 0.43 per 100 PY; 281 in the entecavir group vs 228 in the tenofovir group, as shown in eTable 3 in the Supplement).
The annual incidence rate of HCC was significantly lower in the tenofovir group (0.64 per 100 PY) than in the entecavir group (1.06 per 100 PY) by multivariable-adjusted analysis (hazard ratio [HR] , 0.61; 95% CI, 0.54-0.70); P < .001; eTable 3 in the Supplement). In the propensity score-matched analysis, the risk of HCC diverged between the 2 groups after 2 years' follow-up and was significantly lower in the tenofovir group than in the entecavir group (HR, 0.62; 95% CI, 0.54-0.70; P < .001; eTable 3 in the Supplement and Figure, A) .
The annual rate of all-cause mortality or liver transplant was also significantly lower in the tenofovir group than in the entecavir group (0.36 per 100 PY vs 0.50 per 100 PY) by multivariable analysis (HR, 0.77; 95% CI, 0.65-0.92; P = .004) and by propensity score-matched analysis (HR, 0.79; 95% CI, 0.66-0.94; P = .01; eTable 3 in the Supplement and Figure, B) .
By competing risk analysis in the propensity scorematched pairs adjusting for the risk of death and transplantation, tenofovir treatment was associated with a significantly lower risk of HCC than entecavir treatment (HR, 0.62; 95% CI, 0.54-0.70; P < .001; eTable 3 in the Supplement).
Baseline Characteristics of the Validation Hospital Cohort
The validation cohort was composed of 2701 eligible patients with CHB who commenced treatment with entecavir or tenofovir. For the entire hospital cohort, the mean (SD) age was 48.8 (10.5) years. The mean (SD) age of the entecavir group was 49.2 (10.5) years and of the tenofovir group was 48.1 (10.5) years (P = .01; eTable 4 in the Supplement); 1657 patients (61.3%) were male. The proportion of patients with cirrhosis did not significantly differ between the 2 groups (59.9% vs 57.2%; P = .17).
Propensity score-matching analysis generated 869 pairs, and baseline characteristics were balanced (eTable 4 and eFigure 2 in the Supplement). After IPTW, baseline characteristics between the 2 groups were balanced (eTable 5 and eFigure 3 in the Supplement).
Virologic Response in the Validation Hospital Cohort
Virologic response (VR) was defined as a serum HBV DNA level less than 60 IU/mL at 1 year of treatment. Missing or unavailable VR data were considered as a failure of VR.
The proportion of patients experiencing VR was significantly lower in the entecavir group than in the tenofovir group in both the entire cohort (1227 By multivariable analysis, tenofovir treatment was independently associated with a significantly lower risk of HCC (HR, 0.66; 95% CI, 0.46-0.96; P = .03; eTables 7 and 8 in the Supplement). Propensity score-matched analysis adjusted for VR also showed that the risk of HCC was significantly lower in the tenofovir group (HR, 0.68; 95% CI, 0.46-0.99; P = .04; eTable 3 in the Supplement and Figure, C ). This result was consistently found in a separate propensity score-matched cohort after adding VR at 1 year of treatment as a matching covariate (eFigure 4 in the Supplement). In the competing risk analysis, tenofovir treatment was again associated with a significantly lower risk of HCC (HR, 0.65; 95% CI, 0.44-0.95; P = .03; eTable 9 and eFigure 5 in the Supplement). After adjustment with IPTW, tenofovir treatment was associated with a significantly lower risk of HCC (HR, 0.68; 95% CI, 0.46-0.99; P = .045; eTable 9 in the Supplement).
In contrast, the risk of death or transplant was not significantly different between the 2 treatment groups by multivariable analysis (HR, 0.79; 95% CI, 0.48-1.28; P = .33; eTable 7 in the Supplement), by propensity score-matched analysis adjusted for VR (HR, 0.80; 95% CI, 0.46-1.41; P = .44; Figure, 
Subcohort Analyses
In the nationwide cohort, propensity-score matching was separately performed for patients without cirrhosis (8003 pairs) and with cirrhosis (2914 pairs). Tenofovir treatment was associated with a lower risk for HCC regardless of cirrhosis (eTable 3 in the Supplement), which was also identified by stratified analyses for the levels of health care, socioeconomic status, and the year of first prescription (eTables 10-12 in the Supplement).
Among the patients with cirrhosis in the validation hospital cohort, tenofovir treatment was associated with a significantly lower risk of HCC by multivariable analysis (HR, 0.64; 95% CI, 0.43-0.95; P = .03; eTable 13-14 in the Supplement) and in the 510 propensity score-matched pairs after adjustment for VR (HR, 0.65; 95% CI, 0.45-0.94; P = .02; eTable 13 and eFigures 6 and 7 in the Supplement).
The outcomes of patients with and without treatment modifications in the entecavir group in the hospital cohort were not significantly different (eFigure 8 in the Supplement). After excluding the patients with treatment modifications during follow-up, the tenofovir group showed a significantly lower risk of HCC compared with the entecavir group (HR, 0.63; 95% CI, 0.43-0.91; P = .01; eFigure 9 in the Supplement).
Discussion
In this nationwide population-based study, clinical outcomes of 24 156 patients with CHB infection after initiation of treatment with entecavir or tenofovir were compared. We found that, compared with entecavir treatment, tenofovir treatment was associated with a significantly lower risk of HCC, which was consistently observed in unadjusted, multivariableadjusted, propensity score-matched, and competing risk analysis in the entire cohort as well as in the cirrhosis and noncirrhosis subcohorts. This finding was also validated in a large hospital cohort, which showed a similar magnitude of lowered risk of HCC in the tenofovir group on application of the same robust statistical methods.
Current American, European, and Asian-Pacific clinical practice guidelines for CHB do not state any preference between entecavir and tenofovir. [9] [10] [11] However, given the necessity of long-term treatment in most patients with CHB, the importance of comparative data on the effectiveness and safety of entecavir and tenofovir is immense. The mechanism of our main finding on the association of tenofovir with a significantly lower risk of HCC compared with entecavir might be explained in part by the better VR profiles of the tenofovir group as shown in the hospital cohort, which are in line with the results of previous studies. [16] [17] [18] However, considering that VR was not an independent risk factor for HCC, the differences in HCC risk between the 2 treatments cannot be fully explained by their antiviral potency. A recent study showed that higher serum interferon λ3 levels were induced in patients treated with nucleotide analogues (adefovir dipivoxil and tenofovir), but not in those treated with nucleoside analogues (lamivudine and entecavir). 19 Interferon lambda showed potent antitumor activity in murine models of cancer, including hepatoma, 20,21 and this antitumor activity could presumably contribute to the difference in the HCC risk that we observed. Entecavir was shown to be carcinogenic in mice and rats when administered at doses higher than those used in humans.
22 It was also shown to potentially incorporate into the human genome, which may contribute to a putative mechanism of carcinogenicity, especially if the embedded genomes have higher error rates during subsequent rounds of replication. [23] [24] [25] These data raise concern about the carcinogenic potential of entecavir even at clinical doses during longterm treatment, especially in patients with cirrhosis who have increased chromosomal instability of hepatocytes.
26,27
Nevertheless, given that HBV replication itself is a strong independent risk factor for HCC, assessing the carcinogenic potential of entecavir should be balanced by considering its protective role against HCC development via suppression of HBV replication. Many observational studies and metaanalyses have shown that in patients with CHB, entecavir therapy significantly reduced HCC risk compared with no treatment. 18, 22, 28 However, a previous cohort study demon- 
Limitations
The major limitation of the present study is that it was based on observational data, which may be subject to bias and confounding. To overcome this issue, we used multiple rigorous strategies (multivariable adjustment, propensity-score matching, IPTW, competing risk analysis, and stratified analyses) to adjust for the differences in baseline susceptibility to the tested outcomes. Given the low incidence of clinical events, our population-level historical cohort study can be considered a proper approach to assess the comparative effectiveness of the drugs. 29 Second, there was a disparity in the follow-up periods between the 2 groups owing to the later approval of tenofovir. However, the yearly risk of HCC was shown to gradually decrease with prolonged treatment with entecavir or tenofovir, particularly in patients with cirrhosis. 12, 30, 31 In fact, the risk of HCC could only be reduced after achieving a decrease in HBV DNA and ALT levels by years of nucleoside or nucleotide analogue therapy. 30, 31 Therefore, the shorter duration of treatment in the tenofovir group is not likely to have resulted in a decrease of HCC risk. Third, as a single-nation study, our results are limited in terms of generalization. Most patients in our study were assumed to be infected with genotype C HBV acquired through vertical transmission, 32 which may be associated with enhanced risk of HCC. However, genotype C is also predominant in many Asian countries, where the majority of people in need of HBV treatment live. 1,2 Finally, the criterion to initiate treatment in our patients (ALT level ≥80 U/mL) was stricter than recommended elsewhere, and this criterion may influence replicability if the differential effectiveness of tenofovir is only relevant for those with high ALT concentrations.
Conclusions
Our data suggest that tenofovir treatment may be associated with a significantly lower risk of HCC in patients with CHB compared with entecavir treatment. Given the poor prognosis of HCC, our findings might have considerable clinical implications for preventing the occurrence of HCC in patients with CHB. Further studies are needed to ensure the replicability of our findings.
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Study population
The treatments of interest were entecavir (ETV) and tenofovir disoproxil fumarate (TDF) in the setting of treatment naïve adult CHB patients. Therefore, the study population consisted of patients who were prescribed with ETV or TDF at least 5 months during 6 months after the treatment commenced. The source population with the above conditions initially included 41,962 adults aged between 30 and 80 with a primary diagnosis of ICD-10 codes of B18.0 (Chronic viral hepatitis B with delta-agent) or B18.1 (Chronic viral hepatitis B without delta-agent). Index date for each patient was the date of first issue of prescription of ETV or TDF. The definition of treatment assignment was that if the subject was prescribed either ETV or TDF more than 6 months, subject was assigned to one treatment group based on the regimen. Subjects who were prescribed both drugs at same time were excluded in this analysis. Baseline characteristics were gathered information at the time of cohort entry date or at the nearest date available. All patients were followed-up until: a) date of HCC development; b) 6 months after treatment regimen changed; c) date of death or liver transplantation; or d) the end of the study period (December 31, 2016)
Outcomes
The primary outcome of interest for this study was the development of HCC. This primary outcome was confirmed by ICD-10 codes of C22 and verified by KCCR, a nationwide, prospective registry. The secondary outcome of interest for this study was all-cause mortality or liver transplantation. Vital status was obtained from the Korea National Statistical Office through December 31, 2016, by using 13 digits of unique personal identification codes.
Covariates
Covariates which can affect the main outcomes during antiviral treatment were also abstracted from NHIS claims data or health examination data provided by NHIS. Demographic covariates included age, gender, socioeconomic status, and level of health care. Underlying comorbidities including diabetes mellitus, hypertension, cirrhosis, ascites, and varices were selected as covariates. Laboratory data such as aspartate aminotransferase, alanine aminotransferase, r-GT, total cholesterol, HDL, LDL, glomerular filtration rate (GFR), creatinine, and fasting blood glucose were included in the population dataset.
Hospital cohort
Validation hospital cohort consisted of adult treatment-naïve CHB patients who consecutively commenced treatment with entecavir (0.5 mg/day) or TDF (300 mg/day). Patients with previous history of HCC before starting treatment or treatment for less than 6 months were not included in the validation hospital cohort, thereby allowing 2,701 patients to consist source population. Additionally, patients meeting one or more of the following criteria were excluded: age <20 years or >80 years; serum HBV DNA at baseline <2,000 IU/mL (or undetectable); more than two weeks of previous treatment with other antiviral agents; loss of HBsAg within 6 months of treatment initiation; death or liver transplantation within 6 months of treatment; HCC diagnosis within 1 year of treatment initiation; co-infection with human immunodeficiency virus or other hepatotrophic viruses; or history of any malignant disease.
The patients regularly underwent clinical examinations, liver function tests, and measurement of serum HBV DNA levels every 3-6 months. Serum HBV DNA levels were measured with real-time PCR assay (linear dynamic detection range, 15 IU/mL to 1 x 10 9 IU/mL; Abbott Laboratories; Chicago, IL). HBV genotype was not determined because over 98% of Korean patients with CHB are HBV genotype C. 3 Patients were screened for HCC by ultrasonography and serum alpha-fetoprotein levels at baseline and every six months during the follow-up period. The diagnosis of HCC was based on radiological findings (dynamic computed tomography and/or magnetic resonance imaging), as recommended. 4 For hepatic nodules that did not exhibit typical imaging features of HCC, biopsies with pathological examination were performed. Three HCC risk assessment scores for the entire study population were calculated using the parameters at baseline (i.e., index date): CU-HCC score 5 , GAG-HCC score 6 , PAGE-B score 7 , and REACH-B score. 8
Statistical Analysis
In the validation hospital cohort analysis, as 0.02% to 3.7% of baseline laboratory data were missing: platelets in 6 (0.02%) patients, creatinine in 5 (0.02%) patients, HBeAg in 34 (1.2%) patients, and INR in 101 (3.7%) patients, missing values were imputed using linear interpolation by using "MICE" package. R packages of MatchIt cmprsk and crrSC were used to construct matched cohort/balance checking, 9 and for the competing risk analysis.
Competing risk analysis was conducted regarding the cumulative incidence of hepatocellular carcinoma (HCC), while adjusting for the possibility of death or liver transplantation in the entire and in the propensity score (PS) matched cohort. Cumulative incidence functions were estimated and compared for equality across two groups using Fine and Gray's proportional hazards model for the sub-distributions. 10 In order to figure out whether we get the consistent results, subgroup analyses were further performed in the subcohorts of patients with cirrhosis and without cirrhosis. In the PS matching method, it is important to fulfill the ignorable intervention−assignment assumption. We need to include variables as many as possible for the PS estimation. As the propensity score model is based on a predictive value rather than causal model of treatment, many of the issues that arise with traditional regression modeling, such as multicolinearity, are no longer a problem. 11 Further more, multicolinearity does not affect the variance of an estimator of the average causal effect based on Stuart. 12 Therefore, we included the following variables for the entire cohort: age; sex; HBeAg positivity; serum levels of HBV DNA, alanine aminotransferase (ALT), albumin, and total bilirubin; international normalized ratio (INR); platelet count; creatinine; diabetes mellitus; hypertension; cirrhosis; ascites; Child-Pugh score; CU-HCC score 5 , GAG-HCC 6 score, PAGE-B score 7 , and REACH-B score 8 . These variables are expected to influence both the outcome and the intervention. The propensity scores were estimated non−parametrically using the "MatchIt" function in the R package "MatchIt". Non−parametric propensity score estimation is useful as it does not assume any relationship between treatment and pretreatment covariates resorting a machine learning algorithm. Supplementary Figure 1 , and 2 show the distribution of the propensity scores. To evaluate the quality of the matching, the standardized differences in means were calculated for group comparisons before and after matching. The following fomlua was used to calculate continous or binary pretreatment covariates: ( t -e)/ e or Pe Pt Pe 1 Pe , where e, e and Pe were the mean, standard deviation, and proportion for the ETV group, and t and Pt are the mean and proportion for the TDF group. When a categorical variable had several levels, several dummy variables were created. Supplementary Figure 1, 2, and 3 show the standardized differences in baseline covariates. None of standardized differences for any baseline covariates in our matches exceeded 0.1. Statistical inference was performed using Cox regression models with robust standard errors and the sandwich covariance matrix estimation, which accounted for the clustering of matched pairs. For the IPTW method, both average treatment effect (ATE) and average treatment on the treated (ATT) could be estimated by changing the (12, 18) 14 (10, 17) <0.001 14 (10, 18) 14 (10, 18) 6.17
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